Introduction
The mismatch negativity (MMN), a component of event-related brain potentials (ERPs), generally reflects automatic change detection of stimulus characteristics associated with auditory sensory memory.
1-2 A common way to elicit a MMN is to randomly present infrequent tonal stimuli mixed with frequent tonal stimuli. The infrequent stimuli, detected as being different from the frequent stimuli, elicit a negativity generated in supratemporal auditory cortex which is maximal at the frontocentral scalp locations and often inverts in polarity at scalp locations below the sylvian fissure. [3] [4] Unlike the P3 component, 5 the MMN has previously been reported to be indifferent to the regular occurrence of deviant stimuli within a tonal sequence. Scherg et al. 6 presented sequences of 400 ms tones at a stimulus onset asynchrony (SOA) of 1.3 s in two conditions. In the regular condition the deviant stimuli were presented systematically, after every fourth standard (i.e. SSSSDSSSSD). In the irregular condition the deviant stimuli were presented at the same probability (0.2) but were randomly dispersed among the standard stimuli. They found no difference in the MMN amplitude or latency obtained to deviant stimuli occurring either regularly or irregularly among the standard stimuli. That is, the manner of stimulus delivery did not affect the MMN. This finding suggests that the MMN is insensitive to the predictable occurrence of the deviant stimuli.
Determination of what is deviant in the recent auditory input first assumes that the MMN system has determined what is invariant. Since at least two consecutive repetitions of a tone are required before a frequency MMN is elicited, 7 it can be inferred that the mechanisms underlying MMN generation detect invariance of the acoustic input and record this information in a transient auditory memory. If we extend the finding of Winkler et al. 7 to multi-tone patterns (i.e. two repetitions of a pattern are needed to establish the standard representation in transient memory), then in the study of Scherg et al. 6 11.7 s would have elapsed for the presentation of two repetitions of SSSSD. Since it has been estimated that the duration of the memory underlying MMN generation is 10 s, 8 the MMN system may not have been capable of noting the regularity of the repeating pattern since 11.7 s may extend beyond the approximate limits of the memory associated with the MMN. It is not known, however, how many repetitions are needed to elicit a MMN when the standard consists not of a single tone, but of a pattern of tones in a sequence.
The purpose of the current study was to reexamine the idea that the regularity of the stimulus presentation has no effect on how the deviants are processed in terms of the MMN system. We hypothesized that if the SSSSD pattern could be detected as a regularly repeating pattern of five tones, then no MMN would be elicited by the D position tone. We therefore decreased the SOA to 100 ms so that many repetitions of the five tone (SSSSD) pattern would occur within the limits of sensory memory for the current study. Additionally, we predicted that if the D tones were randomly interspersed among the S tones (using the same probabilities and the shorter ISI), then a MMN would be elicited by the D tones because the repeating standard would be the S tones (and not the SSSSD pattern). Finally, since the duration of the tones used for the 100 ms conditions was 50 ms, an attempt to replicate the result obtained by Scherg et al. 6 was conducted using 50 ms tones with a 1.3 s SOA. Therefore, we had three conditions: a non-random presentation of the SSSSD pattern with a 1.3 s SOA (NR-1300), a non-random presentation of the SSSSD pattern with a 100 ms SOA (NR-100), and a random presentation of the D tones interspersed with the S tones at a 100 ms SOA (R-100).
Materials and Methods
A total of 14 subjects (eight females), ranging in age from 26 to 47 years, participated in the experiment. Ten were included in the R-100 condition, 10 in the NR-1300 condition, and 11 in the NR-100 condition. Subjects were instructed to ignore the tonal stimuli during all the conditions and read books of their choice. Eye saccades were monitored on-line to ensure that all subjects read during the testing session. Informed consent was obtained from all participants after the testing situation was explained.
Stimuli were 50 ms/70 dB pure tones delivered binaurally through insert earphones. Tone frequency was 440 Hz (standards [S]) occurring on 80% of the trials and 494 Hz (deviants [D] ) occurring on 20% of the trials. The NR-1300 and NR-100 conditions differed only in SOA (NR-1300 and 100 ms, respectively). Stimuli were presented in a regularly repeating pattern of SSSSD. In the R-100 condition, the deviant frequency tone was presented randomly among the standard frequency tones on 20% of the trials (i.e. an oddball sequence) at an SOA of 100 ms. One thousand tones were presented in each condition, in one block for each of the two fast conditions, and in two blocks of 500 for the slow condition. The order of the runs was counterbalanced across subjects.
EEG recording and analysis:
The electrical brain activity was recorded using direct-coupled (DC) amplifiers, a low-pass filter setting of 40 Hz, and digitization rate of 250 Hz. The epoch duration was 550 ms, which included a 50 ms prestimulus baseline. Recordings were obtained at the following electrode sites: Fpz, Fz, Cz, Pz, Oz, FC1, FC2, LM, and RM (left and right mastoids, respectively). The nose was used as a reference. Horizontal eye movements were monitored using electrodes F7 and F8 in a bipolar configuration. Vertical eye movements were monitored with a bipolar electrode configuration using Fp1 and an external electrode placed below the left eye. ERPs were averaged separately for each stimulus type and condition. Artifact rejection was set to exclude activity exceeding ± 100 V. ERPs were digitally filtered off-line with a bandpass of 1-30 Hz.
The grand mean ERPs were used for the purposes of display. Grand mean difference waveforms were calculated by subtracting the ERPs elicited by the standard from those elicited by the deviant. The peak latency of the MMN was selected at Fz in the grand mean difference waveforms as 130 ms for the R-100 condition and 155 ms for the NR-1300 condition.
To determine whether the ERPs associated with the standard were significantly different from the ERPs associated with the deviant (in the latency range of the MMN), the data were statistically analysed using a two-way analysis of variance (ANOVA) for repeated measures with factors of stimulus type (standard and deviant) and electrode (Fz, Cz, LM, and RM). Tukey post-hoc comparisons were then used to determine statistical significance at individual electrode sites. Since there was no evidence of a MMN for the NR-100 condition, the mean voltages, in the 50 ms window taken around the peak of the MMN of the R-100 condition were used to determine whether the ERPs to the standard and deviant differed significantly at Fz, Cz, LM, and RM in the NR-100 condition. An alpha level of 0.05 was used.
Results
Figure 1 presents the standard (thin line) and deviant (thick line) waveforms overlain at Fz (left column) and the difference waveforms (right column) with Fz (thick line) and the mastoids (LM and RM; thin lines) overlain for all three conditions. A large N1-P2 complex can be seen at Fz, in the standard waveforms for the NR-1300 condition. The N1-P2 complex is prominent due to the relatively long ISI. 9 The MMN component, established by an overall significant difference between the standard and deviant waveforms (F(1,9) = 31.6, p < 0.001), can clearly be seen in the difference waveforms at Fz as the large negative deflection. This negativity is only somewhat inverted at the mastoids. In the 100 ms conditions (R-100 and NR-100), the N1 component is small due to the rapid ISI. 9 Additionally, N1 components elicited by subsequent stimuli can be seen in the 550 ms epoch. The overall amplitude of the waveforms in the two fast conditions are considerably attenuated compared to the NR-1300 condition. In the R-100 condition a negative peak around 100 ms is followed by a large positivity that peaks at about 240 ms. This large positive peak is not seen in the NR-100 condition. The MMN component can be seen as the negative deflection peaking around 130 ms (F(1,9) = 11.43, p < 0.01) which is inverted at the mastoids (Fig. 1, right column) . In the NR-100 condition, no MMN component was elicited (F(1,10) < 1, p = 0.56) and the difference waveforms at Fz are positive in polarity around the latency of the MMN obtained in the NR-1300 and R-100 conditions.
Discussion
The issue addressed in this study was whether the MMN system is indifferent to the predictable occurrence of deviant stimuli. The MMN obtained to the D tones in the NR-1300 condition replicate the findings of Scherg et al. 6 that a MMN can be obtained to a regularly occurring deviant. When the speed of the repeated sequence was increased, a MMN was not obtained to the D tone. When the deviant tones were randomized among the S tones, in another condition, and presented at the rapid rate, a MMN was elicited to the D tones. These data indicate that the standard event (SSSSD) needs to be repeated within the limits of sensory memory to be detected as regular by the system underlying MMN generation.
The difference between the NR-1300 condition and the NR-100 condition was the rate of stimulus presentation. Therefore, the difference in MMN response may be attributed to the change in SOA between the two conditions. At the slow presentation rate it is likely that the system underlying MMN generation did not detect the regularly occurring fivetone repeating sequence due to limitations in duration of sensory memory. When the presentation rate was speeded up so that many repetitions of the pattern occurred within the estimated limits of the memory, it is likely that the SSSSD sequence was processed as a five-tone repeating standard. These data cannot address the question of how fast the SOA needs to be for automatic grouping of the SSSSD pattern to occur. It may simply be that this rate depends on whether enough repetitions, needed to elicit a MMN, fit within the memory limits.
A compatible explanation is that SOA influences the automatic grouping principles associated with the auditory system. It may be that SOA, not predictability per se, affects an automatic grouping mechanism used by the auditory system, which in turn affects the outcome of the MMN. That is, the temporal proximity of the tones (changed by changing the SOA) may affect an automatic grouping mechanism, in the sense that tones that occur closely to one another are more likely to be interpreted as belonging together. Thereby, the predictable occurrence of deviance may affect the MMN comparator mechanism in so far as the regular occurrence of the tonal pattern alters the way the stimuli are automatically grouped when the sequences of stimuli are repeated within the estimated limits of sensory memory. This would mean that at the 1.3 s paced condition the S tones were automatically grouped as the standard and D tones were detected as deviant compared to the standard. The stimulus rate may have been too slow for the automatic grouping of the SSSSD pattern to occur. In the NR-100 condition, the D tones were automatically grouped as a part of the repeating SSSSD pattern. In this case, no MMN was elicited by the D tones since the D tones were treated as part of a five-tone sequence that repeated. The difference incurred by the change in SOA was the difference between the standard representation (i.e. S vs SSSSD) used by the system to detect deviance in the slow and fast conditions. If a change in the SOA effects a change in the standard representation that is maintained in transient memory, it can thereby change the comparison made by the mechanisms underlying the MMN. There is some evidence that the time interval between stimuli influences how the stimuli are automatically grouped by the brain. One study, in particular, showed that temporal characteristics of a tonal sequence influence how the sound is processed with respect to the MMN system. In the study reported by Sussman et al. 10 the same sequence of alternating high-and low-pitched tones was presented at different paces resulting in different brain responses that matched the behavioral report of how the sounds were perceptually organized. The stimulus sequence was arranged so that a detectable deviant pattern would emerge within streams when the tones were presented at a fast pace, but would not emerge when the tones were presented at a slow pace. At the slow presentation rate, the tones were heard as jumping up and down in pitch, and no MMN was elicited. At the fast presentation rate, they were heard as 11, 12 and MMNs were obtained in each stream. One conclusion to be drawn from the data is that the differential MMN response indicates that the same sequence of tones was grouped differently as a consequence of the speed of presentation.
The R-100 control demonstrates that when the same probability of deviants are randomly interspersed among the standards at the fast SOA an MMN is obtained. Additionally, it rules out the possibility that the absence of a MMN in the NR-100 was due to refractoriness of the MMN generator. The size of the MMN obtained in the R-100 condition, however, was considerably smaller than that obtained in the NR-1300 condition. We speculate that the amplitude of the MMN was reduced as an effect of the increase in the temporal probability of the deviance. 14 Näätänen et al.
14 compared the effect of sequential probability, using an oddball paradigm with a 90-10% distribution of deviants across different ISI conditions, with temporal probability, in which one deviant occurred approximately every 6 s. At the two shortest ISIs (51 and 101 ms) the amplitude of the MMN decreased with the increase in temporal probability of the deviant, but there was no effect on amplitude at the longer ISIs (301 ms and above). They pointed out that at the longer ISI conditions, the difference between the sequential probability and temporal probability is not as great (e.g. one deviant per 3 s vs one deviant per 6 s, respectively) as is the difference brought about at shorter ISI conditions (e.g. one deviant per 500 ms vs one deviant per 6 s, respectively). When the ISI is rapid, the effect of increasing the ISI decreases the temporal probability of the deviant trials dramatically. In terms of the current study, at the NR-1300 condition, the temporal probability of a deviant was approximately one every 5 s, whereas in the R-100 control (100 ms SOA), the temporal probability was one deviant every 500 ms.
The high density of deviant trials in the R-100 control may have reduced the amplitude of the MMN compared to the NR-1300 condition, in which the density of deviants was greatly reduced due to the longer ISI. Additionally, it appears that in the NR-1300 condition, the N1 elicited by the deviants was larger than the N1 elicited by the standards. This N1 effect may also have contributed to the overall size of the MMN.
Conclusion
Predictable occurrence of deviant stimuli under certain conditions affects the MMN process. In the current study, a regularly occurring five-tone pattern (SSSSD) was presented in slow and fast conditions producing differential results. The presence of the MMN in the slow condition and its absence in the fast condition suggest that regularity of stimulus presentation, when repeated within the limits of sensory memory, may affect the elicitation of the MMN component.
